Purpose: To evaluate the anticonvulsant effect of the novel high definition transcranial direct current stimulation (HD-tDCS) method on patients with refractory lateral frontal lobe epilepsy. The effects of HDtDCS on working memory were also examined. Method: 10 adult patients with intractable lateral frontal lobe epilepsy were studied. A central cathode electrode was placed on the epileptogenic zone according to LTM, and 20-min sessions of 2 mA HD-tDCS were applied for 10 consecutive days. The primary endpoint was to make changes in the epileptiform discharges (EDs) during a 1-h EEG. Moreover, the seizure frequency based on seizure diary and neuropsychiatric parameters was evaluated. Results: All patients tolerated HD-tDCS stimulation course without any adverse reaction. The frequency of EDs increased immediately and one month after the stimulation course by an average of 6.4% and 1.2%, respectively. However, these changes in the EDs frequency were not statistically significant (p-value >0.05). The mean seizure frequency changes showed decrement by an average of 17.9% immediately, and increment by an average of 38.1% one month after the HD-tDCS. These changes were not significant statistically (p-value >0.05). One patient experienced exacerbation of seizures during the stimulations hence dropped out of the study. Attention and working memory improved significantly immediately and one month after the HD-tDCS in all patients. Conclusion: Changes of EDs and mean seizure frequency caused by HD-tDCS were not statistically significant for the whole group; however, this method could improve the patients' working memory scores.
Introduction
Recurrent epileptic spells precipitate a number of crucial dangers during the attacks in patients with intractable epilepsy. Moreover, these patients suffer from neurocognitive dysfunction and medication side effects alongside their disease. There is a growing body of evidence revealing that seizures may result in aberrant neuronal plasticity in the originating zone after longlasting attacks and consequently may lead to disfiguration of the natural synaptic structures [1] [2] [3] [4] [5] [6] .
The most common cognitive complaints reported by adults with epilepsy are mental slowness, memory problems, and attention deficits. Factors such as early onset of the epilepsy syndrome, focal or generalized types of epilepsy, and its underlying etiology as well as severity and chronicity of epilepsy syndrome can impress the cognition [4, 7] .
Recently, brain stimulation modalities such as transcranial direct current stimulation (tDCS) have presented new prospects for the treatment of intractable epilepsy [8] [9] [10] [11] [12] [13] . Moreover, they are of great value in treating patients who are not good candidates for epilepsy surgery such as those with epileptogenic zones located in the eloquent cortices. The effect of tDCS depends on the polarity of the applied direct current [14, 15] . Cathodal tDCS can modulate cortical excitability [9, [16] [17] [18] ; whereas anodal tDCS enhances neuronal activation [19] [20] [21] .
Several studies have revealed the power of tDCS to induce cortical neuronal plasticity, enhance cerebral blood velocity and cerebral oxygenation, and improve cognition and working memory [8, 20, [22] [23] [24] [25] [26] [27] [28] . Furthermore, cathodal tDCS has been able to reduce the epileptiform discharges in animal models [25, [29] [30] [31] [32] and in patients with drug-resistant epilepsy [27, [33] [34] [35] [36] . Duration of the effect induced by tDCS depends on the electrode size and the applied stimulation protocol [37, 38] .
As smaller electrodes are arranged in a circular shape, which can enhance the accuracy of DC delivery to the targeted brain region, high-definition transcranial direct current stimulation (HD-tDCS) is preferred to traditional tDCS [37, [39] [40] [41] . The safety of this method has been confirmed in previous human studies [42] . The efficacy of HD-tDCS in improving motor function, pain control, verbal learning, and working memory has been reported in several studies [42] [43] [44] [45] [46] .
In the present study, the researchers applied HD-tDCS to refractory lateral frontal lobe epilepsy patients to evaluate its effect on epileptiform discharges in EEG, seizure frequency, and neurocognitive function. To the best of researchers' knowledge, the present study is the first trial investigating the effect of HD-tDCS application on epileptic activity.
Method
Patients with intractable lateral frontal lobe epilepsy within the age range of [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] were enrolled in the present study. In spite of receiving proper medication, the selected patients had at least one attack per month and were not regarded as appropriate candidates for epilepsy surgery. Lateral frontal region was selected in an attempt to have the epileptogenic zone more accessible to the extracranial stimulation sources. The epileptogenic zone was determined by long term video EEG monitoring (LTM), which was then used as a target for the cathodal stimulation.
This study was approved by the regional ethics committee. Moreover, written informed consents were obtained from the patients and their parents. The patients were informed that HDtDCS may improve or worsen their seizures; however, its effect would last for a short time.
Finally, 10 patients were recruited to participate in the study. The mean age of the patients was 25.6 AE 3.16 years (range: 22-31). Precise history of disease was taken from the patients and their family, and systemic and neurological examinations were performed. During the period of study, the patients continued their medications and were observed for one month. Then, a baseline EEG was obtained, and the neuropsychiatric tests were administered just before the beginning of stimulation. The mentioned tests as well as the precise neurological examination were repeated immediately after 10 sessions of stimulation and 1 month after the final session of stimulation course. The primary endpoint was assessment of the antiepileptic effect of HD-tDCS on patients by specifying the frequency of epileptiform discharges in 1-h interictal EEG. Moreover, its effect on the mean of seizure frequency per week and parameters of working memory was evaluated. It is worth reminding that the present study did not involve any control (sham-stimulation) group. The patients were instructed to keep a record of their seizures one month before till one month after the application of HD-tDCS. Their records were evaluated at regular intervals to ensure the accuracy. The patients were supposed to distinguish their focal seizures during which they remained conscious from seizures with loss of awareness or generalized tonic clonic seizures.
One-hour EEG record
An 18-channel EEG recording setup was used. One-hour controlled wakefulness EEG record was obtained before the start of stimulations (baseline), immediately following the stimulations, and one month after the last session of stimulations. An epileptologist blinded to the intervention and clinical findings counted the number of focal and generalized epileptiform discharges.
Neuropsychological tests
To evaluate the attention and working memory, N-back task, Integrated Visual and Auditory (IVA) + Continuous Performance Test (CPT) and Wisconsin Card Sorting Test (WCST) were used in the three mentioned steps.
Stimulation protocol
Duration of the effect of cathodal HD-tDCS is as short as several hours according to reports provided by previous studies and depends on duration, repetition, and current intensity of the stimulation sessions [38] . A current of 2 mA for 20 min per session was applied to each patient. Long-term HD-tDCS stimulation was performed within 10 consecutive days. Patients were observed by a neurologist from the beginning till 1 h after the stimulations. In this regard, any side effects of HD-tDCS were monitored and reported.
Cathodal 4 Â 1-ring HD-tDCS
4 Â 1-Ring high-definition electrodes connected to a conventional tDCS device (Model Activadose II) were used to deliver direct current to the scalp with the application of Ag/AgCl ring electrodes. Electrodes were held in place by specially-designed plastic casings (cylinders with the diameter of 12 mm and height of 12 mm) which were filled with a conductive gel using in EEG recording and embedded in a modular EEG recording cap. The center electrode (cathode) was placed over epileptogenic zone determined by previous LTM and was surrounded by four remaining anode electrodes based on the International 10/20 EEG System. The region of current flow was circumscribed by the 4Â ring electrodes. In eight patients, C3/C4 was an epileptogenic zone to place the cathode electrode, and four anode electrodes were applied on the F3/F4, P3/P4, Cz, T3/T4. In two patients, F3/F4 was the center cathode electrode and FP1/FP2, Fz, T7/T8, C3/4 were regarded as the anode electrodes.
During each active 4 Â 1-ring HD-tDCS session, DC was gradually ramped up over a period of 15 s until reaching an intensity of 2.0 mA, which was delivered for 20 min. These parameters had previously been shown to be well tolerated in healthy subjects [35] .
Data analyses
Repeated measures ANOVA was used to compare the results of 1-h EEG epileptiform discharge counts, seizure frequency, and neuropsychological tests obtained in three steps. Post hoc comparisons were also carried out using Fisher's LSD correction for multiple comparisons. Data are reported as means with 95% confidence intervals (95% CIs) or standard deviation. p-Value <0.05 is considered as statistically significant.
Results
The patients' baseline characteristics are summarized in Table 1 . The mean duration of epilepsy syndrome was 8.2 AE 4.58 years. Four out of 10 patients had some degree of cognitive dysfunction at baseline; while findings regarding other physical and neurological examinations indicated no abnormalities. Two patients had focal abnormality on MRI that was compatible with epileptogenic focus detected by LTM. To put in detail, the results of MRI indicated that cases 8 and 10 had cortical dysplasia on left frontoparietal lobe and encephalomalacia with gliotic border on the right frontal lobe compatible with previous history of head trauma, respectively. The rest of patients had non-lesional epilepsy. All patients tolerated HD-tDCS stimulation courses, and none of them showed any adverse reactions immediately or after the stimulation sessions. One patient reported mild generalized headache without any red flag features after stimulations, though the headache was improved spontaneously in less than 1 h.
The EEG findings showed that the epileptiform discharges were confined to the expected epileptogenic zone in all of the involved patients. Although three patients had generalized epileptiform discharges, which was possibly due to secondary spread, ictal activity was never detected.
The frequency of epileptiform discharges reduced in five patients by an average of 35% on EEG record taken immediately after the last session of stimulation. Only in two of patients, the reduction was maintained till the last follow-up after one month. However, in the other five patients, the frequency of EDs obtained immediately after the stimulation was 48% higher than that of the baseline record. At the group level the frequency of EDs increased immediately and one month after the stimulation course by an average of 6.4% and 1.2%, respectively. Repeated measures ANOVA was performed to separately compare the frequency results of the focal spike, generalized burst, and total epileptiform discharges. The obtained results were not statistically significant at the group level (p-value >0.05).
All patients completed their epilepsy diaries regularly. Seizures with spared awareness were influenced more than those associated with consciousness impairment. In six patients, the mean of seizure frequency was reduced during the stimulation course compared with one month before the beginning of stimulations; however, this effect remained persistent after one month follow-up in only four out of six patients. In four out of ten patients, both of interictal EDs and seizure frequencies were decreased concomitantly throughout the stimulation period.
In the other three patients, the mean of seizure frequency was clinically increased immediately and one month after the stimulations; the mentioned aggravation was also noted in the EEG record immediately after HD-tDCS. Consequently, one of these three patients left the study. Although patient number 7 dropped out of the study due to exacerbation of seizures and refused to participate in the follow-up EEG evaluations, her seizure frequency returned to its level reported in the baseline one month later. Fortunately, in the other two patients, the follow-up EEG records obtained after one month showed a decrement in the spike frequency even in comparison with the baseline assessment.
One patient's seizure frequency was not altered by the stimulations; while the frequency of epileptiform discharges on second and third step EEGs was decreased. The changes in seizure frequency and the amount of epileptiform discharges are provided in Fig. 1 and Tables 2 and 3 .
Although HD-tDCS revealed some desirable results in six patients and two of them requested the stimulation sessions be continued after the research project, the statistical analysis did not reveal any significant changes of seizure frequency at a group level.
Assessment of neuropsychological tests revealed that attention and working memory improved after HD-tDCS in all patients. Three out of four patients with some degree of cognitive dysfunction failed to perform N-back and IVA+ test (p = 0.004) immediately after HD-tDCS and 32.4% (p = 0.0001) and 49.3% (p = 0.00002) one month after the stimulations in the correct answer and reaction time scores respectively. Moreover, with respect to the results of IVA+ CPT test (i.e., attention, response, control, attribute, and validity scores), (F = 56.21; df = 1, 6; p = 0.00) and WCST (F = 47.08; df = 1, 7; p < 0.0001), post hoc analysis showed significant improvements in the obtained results. In detail, increments of 63.05% and 38.67% were observed immediately after HD-tDCS (p = 0.02) and one month after HD-tDCS (p = 0.007) in comparison with the results of baseline for IVA+ test. Moreover, perseveration errors decreased to 45.05% immediately after HDtDCS (p = 0.0012) recordings and to 40.93% one month after HDtDCS (p = 0.006) recordings. The degree of improvement in the third step was less than that of the second step.
Discussion
Several in vitro and in vivo studies addressing the pathophysiology of tDCS [14, 31, 47] have indicated that cathodal DC can decrease cortical excitability by N-methyl-D-aspartate (NMDA) receptor activity suppression [48] and postsynaptic hyperpolarization [27, 49] . Maximum duration of cortical modulation of the tDCS lasted up to one hour after stimulation [38, 50] , which could be elongated by administration of catecholaminergic and dopaminergic drugs [51] [52] [53] .
The results of the present study support that HD-tDCS method may lead to beneficial effects on some patients with intractable lateral frontal epilepsy, which is in line with findings of other controlled studies conducted on patients with refractory epilepsy [33, 34, 36, 54, 55] . In this regard, Fregni et al. (2006) performed a study on nineteen patients with malformations of cortical development (MCD) to evaluate the effects of one session direct current stimulation (1 mA for 20 min) versus sham stimulation on the reduction of epileptiform discharge and seizure frequency. 10 patients were in the active group. The results were indicative of a significant difference between two groups as mean ED reductions were 64.3% and 5.8% for the active treatment and sham treatment groups, respectively. Moreover, decrements of 44.0% and 11.1% were observed in the mean seizure frequency for the active treatment and sham treatment groups, respectively. In addition, mean seizure reduction of 62% and mean ED reduction of 52.5% were reported for the group of patients with single focal abnormality (six patients).
Results of this study revealed that EDs frequency decreased in five patients by an average of 35% and increased in five patients by an average of 48% immediately after the stimulation. The changes of EDs mean were not significant immediately and one month after the stimulation sessions. Mean seizure frequency indicated a decrease of 17.9% immediately after the stimulation, which was not significantly different from that of the baseline record. The difference between our result and the results reported by may be due to the smaller size of electrode surface (1.13 cm 2 compared to 35 cm 2 ) and the area of the excitable cortex covered by cathode electrode. In a study performed on five patients with focal, refractory continuous spike and waves during slow sleep by Varga et al. (2011) , the results showed no reduction of spike index in the patients after cathodal DC stimulation [36] . They ascribed the observed result to the utilization of a smaller surface electrode in comparison with the standard size tDCS electrode. In another study performed on 36 children with refractory focal epilepsy, 27 in the cathodal group and 9 in the sham group, tDCS led to significant reduction of ED frequency immediately (45.3%), and 24 hours after tDCS (50.3%), and 48 h after tDCS (57.6%); however, ED frequency increased to reach its pretreatment levels four weeks after treatment. Moreover, no difference between tDCS and sham treated groups was observed [33] .
Fregni et al. (2006) showed that seizure reduction can last one month after the tDCS secession [34] ). We found such prolonged clinical effect in four patients. Moreover, the EEG findings endorsed this effect in one of the patients. The observed favorable effects of HD-tDCS in some of our patients were only detectable during the stimulation period and were reversed after discontinuation of the stimulations. However, it must be mentioned that the stimulation sessions in the previous studies were less than those of the present study. In spite of more frequent sessions of intervention, the findings could not show a prolonged sustained effect after discontinuation of stimulations. Moreover, in the present study, more durable effect of HD-tDCS method in comparison with traditional tDCS was not observed.
The mean of seizure frequency was 33.6 seizures/month in the present study, which represents more severity of the disease among the cases of this study in comparison with disease severity (11.7 seizures/month) reported by Fregni and the one (7.2 seizures/ month) reported by Auvichayapt, and may consequently leads to smaller effect size of HD-tDCS in the reduction of EDs and seizure frequency.
Although in five patients HD-tDCS could not reduce the interictal 1 h-EEG epileptiform activity, it had a remarkable effect on their attention. The patient who left the study suffered from major depression comorbidity and failed to overcome the stress and mood disorder despite ongoing behavioral therapy. The mentioned point can be regarded as an additional factor in her treatment failure.
In one study, simultaneous EEG monitoring was accomplished at the time of stimulation to better demonstrate the effect of tDCS on interictal and ictal epileptic activity [56] . Due to financial reasons, we performed the EEG immediately after the end of the stimulation sessions which can reduce its sensitivity. Moreover, 1-h EEG findings presented in this study were concordant with clinical seizure changes only in 70% of the patients. Therefore, it is assumed that simultaneous EEG recording can lead to a higher yield in detecting the EEG epileptiform activity and further clarification of the effect of HD-tDCS.
One of the patients in this study reported a mild headache during the stimulation sessions though there was no severe adverse effect requiring medical intervention. Moreover, none of the patients experienced a seizure during or 1 h after the stimulations, which is consistent with the results of the previous reports [34] . The mentioned finding suggests that cathodal DC polarization is safe, does not provoke any acute seizure, has no serious adverse effects, and is well tolerated in patients with refractory epilepsy.
In the present study results showed beneficial effect of HD-tDCS on working memory; however, possible training effect of identical neuropsychiatric tests which was applied for pre and post stimulation steps should be considered.
The results of the present study regarding HD-tDCS effect on working memory were consistent with results reported by other studies [19, [57] [58] [59] . We obtained improvements in selective attention and reaction time scores during N-back test, which was reported by Gladwin et al. [60] .
In this study, the anodal electrodes were applied on the F3/F4, P3/P4 also Cz, T3/T4 in eight patients and were placed on FP1/FP2, Fz, T7/T8, C3/C4 in the other two patients. The results of the anodal stimulation of dorsolateral prefrontal cortex (DLPFC) affirmed improvement of working memory in several previous studies, which was due to neuroplasticity [20, 58, [61] [62] [63] . Moreover, the mentioned studies endorsed desirable effect of tDCS on enhancing the alertness and executive attention by improving the cerebral blood velocity and oxygenation [28, 60, 64] . Although the effects of tDCS on human brain cortex was assumed to be confined to a target area, a study performed on sixty attention-deficit hyperactivity disorder (ADHD) patients showed propagation of its modulatory activity [65] . However, its determined effect on motor learning, working memory, attention, and multisensory and visual perceptions was suggested to be the result of affecting the interconnected brain area and networks [66, 67] . A study that evaluated focalized effect of HD-tDCS on memory reported significant improvements of working memory and verbal learning after HD-tDCS stimulation of the left DLPFC [44] . We could show efficacy of HD-tDCS on improving working memory and attention with focused targeting rather than diffuse stimulation.
As indicated in previous studies [68] , this study revealed that HD-tDCS had positive effects on visual attention. Probably, this effect was as the result of excitatory effect of tDCS on temporal lobe. The study performed by Chi et al. (2010) on anterior temporal tDCS reported simultaneous left cathodal and right anodal stimulation improved visual memory [69] . The tDCS effect on left DLFC also led to improvements of auditory memory [70, 71] .
Conclusion
The results of the present study support that HD-tDCS can have beneficial effects on working memory in patients with refractory epilepsy. Changes of EDs and mean seizure frequency caused by HD-tDCS were not statistically significant. For better clarifying the effects of HD-tDCS on intractable epileptic syndromes, further prospective studies with larger number of participants are required. Moreover, as this study was the first trial evaluating the effect of HD-tDCS on epileptic activity and the results differed from those reported by previous studies on traditional tDCS method, randomized controlled trials (with sham stimulation) can be helpful in specifying the effectiveness of this new method.
